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Abstract. We present a relativistic three-body equation to investigate the
properties of nucleons in hot and dense nuclear/quark matter. Within the light
front approach we utilize a zero-range interaction to study the three-body
dynamics. The relativistic in-medium equation is derived within a systematic
Dyson equation approach that includes the dominant medium effects due to
Pauli blocking and self energy corrections. We present the in-medium nucleon
mass and calculate the dissociation of the three-body system.
1 Introduction
Exploring the phase diagram of the quantum chromodynamics is a theoretically
challenging task. Lattice calculations at zero-density give evidence of chiral and
confined-deconfined phase transitions at a temperature Tc of about 150 to 175
MeV [1]. Experimentally the phase diagram is accessible by heavy ion collisions
and is related to astronomical observations of, e.g., neutron stars. New meth-
ods to extend lattice calculations at small chemical potential are developed, i.e.
multiparameter reweighting, Taylor expansion at µ ≃ 0 and imaginary chemical
potential, but the validity of these methods is limited to a region µ <∼ T [2]. For
larger densities effective approaches indicate an extremely rich phase diagram,
i.e. showing a quark-gluon plasma, a color superconductivity and a color-flavor
locking phase [3]. The light front quantization makes it possible to investigate
quantum field theory in a Hamiltonian formulation [4]. This allows us an ap-
plication to systems at finite temperature and density [5]. In the vicinity of
the chiral phase transition three-quark correlations should play an important
role [6]. The finite temperature field theory on the light cone allows us to investi-
gate the three-quark correlations in a systematic way within the Dyson equation
approach. The relativistic three-body problem has been investigated utilizing the
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light front form with a contact interaction, that provides a simple, but important
limiting case for short-range forces [7, 8, 9].
In this paper we present first the isolated relativistic three-particle system
using an invariant cut-off Λ. After that we consider the properties of the proton
in hot and dense quark matter and calculate the dissociation for different values
of the cut-off parameter.
2 Isolated case
For the time being we consider bose-type relativistic equations. The two-body
propagator t(M2), given by [7]
t(M2) =
(
iλ−1 −B(M2)
)−1
, (1)
is the input for the three-body calculation. B(M2) corresponds to a loop diagram,
that in the rest system of the two-body system is given by
B(M2) = −
i
2(2pi)3
∫
dxd2k⊥
x(1− x)
1
M22 −M
2
20
, (2)
where M220 = (k
2
⊥ +m
2)/x(1 − x) and x = k+/P+2 . The integral shows a loga-
rithmic divergence. In order to investigate the three-body bound state equation
even if no two-body bound state exists, we invoke an invariant cut-off Λ [9]. The
requirement is that the mass of the virtual two-body subsystem is smaller than
the cut-off, i.e. M220 < Λ
2 and hence t → tΛ. In the three-body equations we
introduce a similar regularization for the mass of the virtual three-particle state.
That leads to a parametric dependence of the vertex function Γ on the cut-off
Λ,
ΓΛ(y, q⊥) =
i
(2pi)3
tΛ(M2)
∫
1−y
0
dx
x(1− y − x)∫
d2k⊥
θ(M230 − Λ
2)
M23 −M
2
30
ΓΛ(x,k⊥). (3)
We already studied the two- and the three-body bound states as a function
of the strength λ for different values of the cut-off parameter and the stability
of the three-body problem has been investigated [9].
Choosing m = 336 MeV for the quark mass we fit our results to the proton
mass. This determines the function λ(Λ) and in this way the model is parame-
terized by the input Λ only. In the following we use Λ = 4m and Λ = 8m for the
calculation in a quark medium.
3 Three-quark correlations in medium
The Dyson approach allows us to consistently derive relativistic few-body equa-
tions for particles embedded in a medium of both finite temperature and fi-
nite density. They systematically include the effects of self energy corrections
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m = m(T, µ) and Pauli blocking factors, given in terms of the Fermi distribution
function. On the light front it reads
f+(k+,k⊥) =
(
exp
1
T
[(
k2⊥ +m
2
2k+
+
k+
2
− µ
)]
+ 1
)−1
. (4)
The dependence of the constituent quark mass on the medium has been calcu-
lated within the Nambu-Jona-Lasinio model on the light front [5]. The two-body
propagator is formally given by eq.(1), where the regularized loop-integral is
modified as following
BΛ(M2) = −
i
2(2pi)3
∫
Λ2≤M2
20
dxd2k⊥
x(1− x)
1− 2f+(x,k2⊥)
M22 −M
2
20
. (5)
The pole of the two-body propagator at finite temperatures and densities deter-
minates the mass of the two-quark system in quark matter.
The three-quark equation becomes
ΓΛ(y, q⊥) =
i
(2pi)3
tΛ(M2)
∫
1−y
0
dx
x(1− y − x)
(6)
∫
Λ2≤M2
30
d2k⊥
1− f+(x,k⊥)− f
+(y, (k + q)⊥)
M23 −M
2
30
ΓΛ(x,k⊥).
The solution of eq.(6) allows us to calculate the three-quark binding energy at
finite temperatures and the chemical potentials for the different cut-offs defined
as
B3(T, µ) = m(T, µ) +M2B(T, µ)−M3B(T, µ). (7)
In Fig. 1 the binding energy as function of the chemical potential for constant
values of the temperature using Λ = 4m is shown. B3 becomes smaller by in-
creasing chemical potential for a constant value of the temperature. We can
calculate at which temperature and chemical potential the binding energy goes
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Figure 1. Binding energy of the three-quark
bound state for Λ = 4m at different tempera-
tures as indicated.
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Figure 2. Dissociation lines of the three-
quark bound state as for different invariant
cut-offs: Λ = 4m (dash) and Λ = 8m (dash-
dot). The solid line shows the chiral phase
transition.
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to zero and therefore the three-quark bound states disappear. The values of T
and µ for which the proton dissociation occurs define the Mott lines and are
shown in Fig. 2. Their behavior qualitatively reflects the chiral phase transition
given by the solid line and calculated within Nambu-Jona-Lasinio model on the
light front [5]. The comparison between Mott line and the chiral phase transition
shows that the nucleon dissociation occurs in the broken phase. The difference
between these two transition may indicate the confinement-deconfinement re-
gion. At low temperatures the dependence on the cut-off is mild, but at zero
density the different Λ give different values for the transition temperature.
4 Conclusion
We have presented relativistic equations of the three-body problem using a zero
range interaction and derived consistent relativistic three-quark equations at
finite density and temperature. We have investigated the properties of the three-
quark bound states in-medium, i.e the binding energy. In particular we have
calculated the nucleon dissociation line and compare it with the chiral phase
transition. Further analysis including a treatment of spins is left for future in-
vestigations.
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